Abstract-This paper presents a unified approach to deal with sliding mode controllers used for induction motor drives. The study digs deep to identify matched and unmatched disturbances and derive conditions to satisfactorily reject the same. The investigation reveals fundamental limitations of hysteresis (first-order sliding mode) controllers those can be overcome by higher order controllers. Second-order sliding mode controllers are investigated to achieve disturbance rejection and chattering free performance. It is shown that the drive with second-order sliding mode controllers maintains constant switching frequency and decoupling between torque and flux simultaneously on the face of sudden speed, load, or parameter variations. Also, it is shown that the dynamic performance can be improved further at higher sampling frequencies keeping the switching frequency constant. Extensive simulations are carried out in MATLAB/SIMULINK. Implementation of such a drive becomes feasible with low cost field programmable gate arrays (FPGAs) due to their inherent parallel processing capability. A vector-controlled induction motor drive is developed and the controller is implemented using FPGA to corroborate the simulation results through experimentations. 
Rotor time constant = L r /R r .
T e , T L
Electromagnetic torque and load torque.
I. INTRODUCTION

I
NDIRECT vector control of squirrel cage induction motor drives is a very popular control strategy providing high dynamic performance. Sliding mode control (SMC) is a well established nonlinear control strategy for enhancing performance robustness and offering effective disturbance rejection [1] . In vector controlled induction motor drives, SMC is applied in two ways, one as an observer for estimating machine quantities [2] - [11] and the other as a controller for error convergence [12] - [17] . Since observers are model-based which are parameter dependent, sliding mode controllers when used in observers cannot offer as much disturbance rejection as they can when used as controllers. A sliding mode controller can be of first order [12] , [13] (a simple signum function otherwise called hysteresis controller) or of higher order [17] - [20] .
In vector controlled drives, hysteresis current controller fed PWM technique is widely used to generate the switching pulses for the inverter. The known advantages of hysteresis PWM technique are fast response, ease of implementation, and inherent over-current protection [12] , [13] . However, the dynamics and disturbance rejection ability of such a drive need to be clearly established. This paper is an attempt to apply sliding mode concepts to vector controlled induction motor drive and understand the dynamics and disturbance rejection properties of the system.
The major problem of hysteresis PWM is variable switching frequency resulting in distortion of line currents. Researchers tackled this disadvantage and achieved constant switching frequency in two ways, one by modifying the hysteresis band at every load and operating point [13] and the other is by using PI controllers along with parameter dependent feed forward terms [21] . As seen, these methods are operating point or machine parameter dependent, which vary normally during the operation of the drive. In PI controller based methods, integral sliding mode control is employed in [21] - [23] to remove the parameter dependency of the feed forward terms but these methods suffer from chattering and other performance related issues.
In literature, some authors have reported the use of higher order sliding mode controllers for induction machine [2] , [9] , [11] , [14] , [15] , [17] . While most of these works used SMC as an observer [2] , [9] , [11] , the authors in [14] , [15] , [17] used an SMC as a controller. In this paper, a vector controlled IM drive is analyzed from the perspective of sliding mode control. A unified approach is presented. In addition, the following contributions are highlighted.
r The disturbance rejection conditions are derived in terms of closed-form expressions. Influence of matched and unmatched disturbances on the system is studied.
r It is demonstrated that the drive with second order sliding mode controllers maintains constant switching frequency. Effect of increasing the sampling frequency on the performance of the drive is also investigated.
r The propositions are implemented and verified experimentally using a low cost FPGA based hardware setup developed in the laboratory. Implementation aspects in FPGA are also presented. The paper is presented in nine sections. Section I provides a brief introduction of the work, whereas a review of the sliding mode concepts is presented in Section II. These concepts are applied to a hysteresis PWM fed indirect vector controlled induction motor drive in Section III and its dynamics and its disturbance rejection properties are studied in Section IV. The use of second order sliding modes, their implementation, dynamics, and disturbance rejection properties are discussed in Section V. Section VII reports the simulation results using MAT-LAB/SIMULINK. A low cost FPGA based experimental setup is developed in the laboratory (Section VIII) and the experimental results are presented in Section IX. Section X concludes the work.
II. REVIEW OF SLIDING MODE CONTROL THEORY
A. Introduction [1]
The first order sliding mode control (SMC) input (u) in a single input single output system
where k > |d|, 'd' is the disturbance in the system and is the size of the hysteresis band.
The following points can be noted from first order SMC:
r The disturbance must be matched with the input in order to get rejected.
r The actual quantities of all the states required in the sliding surface s are sensed and fed to controller for satisfactory operation of the SMC.
r The kind of SMC in (1) can be applied only to systems with relative degree one. Further SMC concepts like equivalent control method for obtaining the dynamics of the system in sliding mode and cascaded control for using SMC to reject unmatched disturbances are discussed briefly in the following subsections.
B. Equivalent Control Method
Due to the switching nature of the control input, it is difficult to study a system under SMC analytically. So, in order to study about the stability and dynamic response of systems containing sliding modes, Utkin [1] developed equivalent control method where we can obtain the equivalent continuous-time control input applied to the system. Let us assume a general system as:
where
For this system with a designed sliding surface s = 0, the expression for equivalent control input, u eq is given as
where G(x) n ×m denotes the gradient of the scalar surface i.e., the jacobian matrix. Substituting (3) in (2), we get
where I is the identity matrix of appropriate order. Therefore, the dynamics and stability of the system in sliding mode can be studied using the continuous equivalent system given in (4).
C. Cascaded Control
In order to reject unmatched disturbances, the concept of cascaded control is proposed in [24] . To understand this, let us assume a system to be of the form
where dd 1 (t, x) and dd 2 (t, x) are the disturbances to be rejected. If the sliding surface s = x 1 − x * 1 = 0 (x * 1 is the reference value), then the relative degree of the system is two. It can be observed here that dd 1 (t, x) is an unmatched disturbance since it does not appear along with the input u whereas dd 2 (t, x) is a matched disturbance which can be rejected. In order to reject both dd 1 (t, x) and dd 2 (t, x), the concept of virtual control is proposed in [24] . According to this, x 2 is defined as a virtual control input for which dd 1 (t, x) becomes a matched disturbance and so it can be rejected using the sliding surface s = x 1 − x * 1 = 0. Then, actual x 2 is forced to match this virtual control input using another sliding surface, x 2 − x * 2 = 0 (x * 2 is the virtual control input) using input u defined in (5) and this can reject matched disturbance dd 2 (t, x). Hence, both matched and unmatched disturbances can be rejected with this technique.
III. HYSTERESIS PWM AND VECTOR CONTROL
The concepts of SMC briefly explained in the previous section are now applied to a hysteresis PWM fed vector controlled induction motor drive.
A. Sliding Surfaces in Vector Control
In a vector controlled induction motor drive, current controller errors are chosen as sliding surfaces since they are directly related with the inputs as: (6) Therefore, the sliding hyperplane is given by
B. Concept of Cascaded Control in Vector Control
The induction machine is modeled in synchronously rotating rotor flux reference frame [25] taking stator current and rotor flux as state variables. The state-space model is given by ⎡
and
The mechanical equation of the machine with electromagnetic torque (T e ) and load torque (T L ) is given by
The core of vector control is the flux control. In rotor flux oriented reference frame, rotor flux is maintained constant (13) Equation (13) can be compared with standard first order system with matched disturbance,
v sd and d = a 1 i sd + ω e i sq + a 2 ψ rd + a 3 ω r ψ rq . Therefore, input u can be applied such that disturbance d is rejected. Since the actual machine is in stationary reference frame, the kind of input defined in (1) cannot be applied directly. We have to go for hyperplane vector transformation into stationary reference frame which will be discussed later. Now for the drive system, the speed/torque control has to be exercised. For torque control, the sliding surface is chosen as s 2 = i sq − i * sq , the torque current error. For this sliding surface, the analysis is similar if "i sq " is considered instead of "i sd ". For speed control, consider the following equations obtained from (8), (11), and (12) for a vector controlled drive under rotor flux orientation (ψ rd = ψ * rd and ψ rq = 0).
Equation (14) is of the same form as (5) where x 1 = ω r , u = v sq , and the virtual control input x 2 = i sq . Therefore, unmatched disturbances (not along the input v sq ) like load torque variation as well as matched disturbances can be rejected completely with this approach of cascaded control. From this, the condition on the input voltage for satisfactory disturbance rejection is derived as presented in Section IV.
C. Equivalent Control in Vector Control
Since the system is now defined from SMC principles, we can now relate the system with the concept of equivalent control to determine the dynamics of the system in the sliding mode. Using (6) and (3), the equivalent control input is given as: (15) and the dynamics of the system in sliding mode is given by (4) as
This means that the system (6) in sliding mode behaves as if the first derivative of the system states i sd and i sq are zero. It is well known that a system under SMC behaves like a reduced order system. The same applies here also. Since
• isd and
• isq became zero, the system order gets reduced by 2. Therefore, by the application of sliding modes, the fifth order induction machine behaves like a third order system.
IV. DISTURBANCE REJECTION
One of the major advantages of SMC is disturbance rejection. This section deals with the effect of disturbances like load torque variation, parameter variation, etc. on the system.
A. Rejection to Matched Disturbances
SMC naturally rejects the matched disturbances if the control input is sufficiently large. The matched disturbances for the system (6) are given as 
Using Clarke's transformation and equating v sa + v sb + v sc = 0, we get
In a vector controlled drive fed from an inverter, k 1 is the pole voltage which is equal to V dc /2 (where V dc is the dc bus voltage). Therefore, the approximate condition on dc bus voltage for satisfactory rejection of d 1 and d 2 is given as
B. Rejection to Unmatched Disturbances
SMC cannot directly reject unmatched disturbances but as shown in previous section, using cascaded control strategy, these disturbances can be rejected by the use of virtual control. For understanding this, the first part of (14) is considered again by replacing i sq with u v ir (indicating virtual control input) as
After the introduction of virtual control, the disturbances which were unmatched with the actual input became matched with the virtual control input. The disturbance that can now be rejected is:
and the condition on the virtual control input for satisfactory operation rejecting disturbance d 3 is given as (24) This u v ir is considered as the reference q-axis current i * sq to form the second sliding surface s 2 in the hyperplane s. By doing so, both the disturbances d 2 and d 3 are simultaneously rejected and disturbance d 1 is anyway rejected using first sliding surface s 1 .
C. Disturbances That Cannot be Rejected
It is important to note that there are disturbances that cannot be rejected in a hysteresis PWM fed vector controlled induction motor drive. It comes from the fact that the feedback currents i sd and i sq in the sliding hyperplane s (7) are not directly available for sensing. If the actual values of i sd and i sq are sensed, the entire system could have been free from all disturbances but unfortunately the machine is in a-b-c reference frame and currents in this reference frame can only be sensed. 
As shown in (25) , the d-q frame currents are obtained from the sensed a-b-c frame currents using the position of the rotor flux vector θ e . Therefore, the computation of i sd and i sq is sensitive to the parameters involved in the computation of θ e . In indirect vector control, θ e is obtained as
where ω sl is given by (10) . Assuming that the speed signal ω r is sensed directly, the influencing parameter is the rotor time constant τ r in the slip equation. Any mismatch in the parameter τ r results in wrong estimation of i sd and i sq which in turn results in reaching the wrong sliding surfaces. Thus, the whole system becomes sensitive to τ r variation and hence these disturbances cannot be rejected by SMC. Similarly, if the rotor speed is estimated, then the system becomes sensitive to all the parameters present in the rotor speed estimation algorithm.
V. HIGHER ORDER SLIDING MODE CONTROL
The problem with hysteresis PWM (which is basically a first order SMC) are chattering and operation at variable switching frequency. To overcome this without losing the disturbance rejection properties, higher order sliding mode control [18] - [20] , [26] is recommended. According to higher order sliding mode control theory [20] , for the system (6) with relative degree one, the order of the sliding modes must be at least two to eliminate chattering. Also, the system complexity increases with increase in sliding mode order. Therefore, a second order sliding mode is used.
A. Second Order Sliding Mode Control
There are several second order sliding mode controllers proposed in literature [18] - [20] , [26] . Of these, the one in [18] , [19] can be easily implemented and is given as
where r 1 > r 2 > 0. As shown in (27) , the sign terms (chattering causing terms) are now present in the derivative of the input u. Therefore, by proper selection of r 1 and r 2 , chattering can be removed from actual control input u obtained by integrating
The block diagram of the vector controlled drive [25] with second order sliding mode current controllers is shown in Fig. 1 . As seen, the current controllers are replaced with second order sliding mode controllers to reach sliding surfaces s 1 = i sd − i * sd and s 2 = i sq − i * sq . The speed controller is a PI controller. From Fig. 1 , it can be observed that since the outputs of a second order SMC are continuous, space vector PWM modulation is employed to maintain constant switching frequency and to achieve enhanced dc bus utilization of the inverter. The outputs of the second order SMC are given as
where s 1 and s 2 are defined in (7). The tuning procedure of the sliding mode gains is given in [27] .
B. Disturbance Rejection Using Second Order SMC
All the concepts of sliding mode control discussed in Sections II, III, and IV hold true even for second order sliding modes with the only difference that along with the disturbance d being bounded, the derivative of the disturbance i.e.,
• d also must be bounded since the output of the second order sliding mode control is • u instead of u. Therefore, the condition on the derivative of the disturbance is given as
where d 1 and d 2 are defined in (17) .
C. Discretization of the Controller
The controller given in (27) has to be discretized for digital implementation in FPGA. Discretization is done using Euler's method which approximates the continuous domain terms and hence the twisting control also is expected to approximate the performance of its corresponding continuous domain. It has been proved in [18] that the real sliding due to discretization will converge the sliding surface within |s| < k 1 T 2 s and |ds/dt| < k 2 T s where k 1 , k 2 > 0 and T s is the sampling time used for discretization. This error will be very small if the sampling time, T s used is small. Therefore, the value of input u at kth instant is given as
where s k is the sliding surface at kth sampling instant and T s is the sampling time of the system. As seen from (30), for getting the information about sign of the derivative of s, we need not compute the actual derivative. The sign of s k − s k −1 is the same as the sign of • s and hence the problems related to practical implementation of derivative operation can be avoided.
VI. COMPARISON WITH A PI CONTROLLER
PI controllers are traditionally used in the speed and current loops of vector control in order to maintain constant switching frequency of the inverter. While PI controllers can also reject disturbances eventually, they cannot make the closed loop system immune to disturbances i.e., they cannot provide reduced order behavior to the system like a sliding mode controller. This can be better understood by considering again the simple system, • x = u + d discussed in Section II applied with a disturbance as shown in Fig. 2(b) . Here, the error e = 0 − x is processed through a PI controller (k P = 200 and k I = 1000) to get input u and the results are reported in Fig. 2 . As shown in Fig. 2(a) , the system state is affected for every change in the disturbance d [see Fig. 2(b) ] but it eventually reverts back to zero due to the PI action. Thus, we can say that the system is not completely immune to disturbances but can reject them eventually. This is the disadvantage of using PI as current controllers because in a vector controlled drive, it is required that the d-and q-axis current errors remain zero irrespective of disturbances.
Let us now see the effect of using a SOSM controller (27) in place of a PI controller. The result is shown in Fig. 3 (for r 1 = 2 × 10 5 and r 2 = 4 × 10 4 ) when the same disturbance [see Fig. 2(b) ] is applied on the system. It can be observed from Fig. 3(b) that the input has fast dynamics and is continuous. The system state x is immune to disturbances (x remains zero even with sudden changes in disturbances) as shown in Fig. 3(a) thus making an SOSM controller more suitable for use as current controllers in a vector controlled drive. Also, it can be observed that the computational burden of an SOSM controller (27) is almost the same as that of a PI controller requiring one integration, two gain multiplications, and two add/subtract operations. In addition, the SOSM controller requires two sign operations consuming negligible resources of the processor. In a vector controlled drive, unlike the current controllers, the speed response depends on the inertia of the machine. Thus, an SOSM controller if used in the speed loop of a vector controlled IM drive may always give an i * sq which is beyond the permissible limits or in other words the output of the speed loop gets saturated at the maximum values for most of the time depending on the sudden changes in reference speed and mechanical time constant of the machine. The sliding mode controller action is lost whenever it hits saturation. To avoid this, it is better to use a slow acting PI controller in the outer speed loop instead of a fast acting SOSM controller. Since a PI controller can also reject disturbances, the speed loop PI can reject disturbance d 3 (23) but as discussed earlier, the speed loop will not be immune to disturbances. This is also good from mechanical stress point of view of the machine shaft. Thus, a PI controller in the speedloop is sufficient to have desired performance for the overall system. The final conclusion is to employ an SOSM controller in the inner current loops and a PI controller in the outer speed loop of the vector controlled induction motor drive as in Fig. 1 .
VII. SIMULATION RESULTS
The disadvantages of using hysteresis current controllers are well reported in literature [21] and hence these results are not repeated. The simulation results (using MATLAB/SIMULINK) presented in this section mainly highlight to show the disturbance rejection and chattering free nature of second order SMC fed drive (see Fig. 1 ) for sudden speed, load, and parameter variations. While load varation is an unmatched disturbance, stator resistance variation is a matched disturbance. Stator resistance parameter variation is considered in this study since it is not involved in θ e calculation and hence can be rejected by sliding mode control. Also, stator resistance can be easily varied in hardware (by connecting external resistances in series with the stator terminals) to produce the corresponding experimental result. The machine parameters are given in Table I . 
A. IM Drive With Second Order SMC Current Controller
The performance of the drive with second order SMC current controllers (see Fig. 1 ) is shown in Fig. 4 . Speed, load and stator resistance variations are considered one after the other in a single result for conciseness. The speed PI and second order SMC current controller values are chosen to satisfy (18) , (29) and their values are given in Table II . The sampling frequency of the system is kept at 6.103 kHz. The system is simulated for a step change in speed of 20 rad/s applied at 2 s from start [see Fig. 4(a) ], followed by a load change to 0.5 pu at 5.4 s [see Fig. 4(c)] , and then the stator resistance parameter is suddenly varied to triple its value at 7.7 s and again returned back to its original value at 9 s [see Fig. 4(f) ] . The speed response is shown in Fig. 4(a) where the reference speed matches with actual. A sudden dip in speed occurs on loading and the actual speed restores back to reference speed. There is no chattering observed in i sd and i sq waveforms as seen in Figs. 4(b) and (c) . A closer view showing the dynamic response of torque component of current is given in Fig. 4(d) . The i sq dynamics take about 10 ms to reach i * sq as shown but this change has negligible effect on the d-axis current [see Fig. 4(b) ] which is a clean waveform with no chattering. This is due to continuous nature of the second order SMC output. Along with this, since the nature of sliding mode control is to remain immune to disturbances, decoupling is maintained inherently between i sd and i sq . Since the flux component of current i sd remained immune to speed, load, or stator resistance variation disturbances as shown in Fig. 4(b) , flux orientation is well maintained irrespective of disturbances. From Fig. 4(c) , it can be seen that the torque component of current, i sq varied and matched with reference i * sq for speed and load torque variations but remained immune to stator resistance variation [as in Fig. 4(f) ]. In practice, stator resistance will not vary so much and never in step. Such a high step is considered here to show the effectiveness of the proposed algorithm. The output of the second order SMC current controllers, v * sd and v * sq are continuous signals as shown in Fig. 4 (e) and the rotor flux orientation is maintained throughout as shown in Fig. 4(g) . This shows that chattering is eliminated with the use of second order sliding mode current controllers and at the same time decoupling is maintained between torque and flux for speed, load, or stator resistance parameter variations and thus the disturbances (as discussed in Section IV) are rejected satisfactorily. 
B. IM Drive With Second Order SMC Current Controller at High Sampling Rate
As observed from (27) , the dynamic response of u i.e.,
• u can be increased with increasing sliding gains but very high sliding gains might introduce chattering even with second order controller. To overcome this problem and simultaneously achieve high dynamic response, higher sliding gains can be employed at higher sampling rates (or lower sampling time period). This can be understood from (30) where it can be observed that the product of sampling time period (T s ) and sliding gains contribute to u k . Therefore, by decreasing T s , we can have higher sliding gains keeping their product constant effectively increasing the dynamic response without introducing chattering. This is demonstrated in simulation using Fig. 5 where the sampling frequency (F s = 1/T s ) is 195.312 kHz. Similar reference commands are given here also as shown in Fig. 5 except that the second order controller gains are now increased as shown in Table II . Disturbance rejection is achieved here also as observed from d-and q-axis stator current waveforms presented in Fig. 5(b) and (c) . Along with this, dynamic response of q-axis current is now improved to around 2.5 ms as shown in Fig. 5(d) without disturbing d-axis current shown in Fig. 5(b) . Chattering free stator voltages in d-q frame are shown in Fig. 5 (e) and the stator resistance variation done is shown in Fig. 5(f) . The flux orientation is well maintained as shown in Fig. 5(g) . Therefore, similarly the dynamic response can be further improved at much higher sampling rates simutaneously maintaining disturbance rejection.
C. IM Drive With Second Order SMC Current Controller at High Sampling Rate With R r Variation
As discussed in Section IV-C, the rotor time constant disturbances cannot be rejected in indirect vector controlled induction motor drive. Though it is not possible to access the rotor winding to experiment in a squirrel cage induction motor, it is possible to verify this in simulation which uses the mathematical model of the machine. This is demonstrated in Fig. 6 where rotor time constant is varied by varying rotor resistance R r as shown in Fig. 6(e) . It can be observed from Fig. 6(b) and (c) that both d-and q-axis currents are matching their reference values at all times. Therefore, the sliding controllers are working fine but as seen from the d-q axis flux waveforms presented in Fig. 6(f) , the rotor flux orientation is completely lost when R r is varied from its nominal value. This is because the actual sensed currents are transformed to d-q frame using rotor time constant dependent transformation and fed to the sliding controller which blindly matches the reference with actual and hence this disturbance cannot be rejected. The reference voltages are shown in Fig. 6(d) and the speed response can be observed from Fig. 6(a) where the actual speed also varied with R r disturbance. The results are in coherence with the explanation presented in Section IV-C.
VIII. EXPERIMENTAL SET-UP
A. Prototype Description
A laboratory prototype is developed to validate the proposed scheme. A Xilinx based FPGA (SPARTAN XC3S1400an) controller board is used for this purpose. The photographic view of the hardware set-up is shown in Fig. 9 . The FPGA board consists of logic gates, external ADC (ADS8361) and DAC (DAC8554) and dedicated I/O ports. The PWM pulses generated from FPGA board are fed to the gate driver of the IGBT inverter through an op-amp circuit that shifts the voltage level of 3.3 V (from FPGA) to 15 V. The motor currents are sensed through current sensors (LA-55P) and given to the controller board (FPGA) with the help of ADC. Speed of the motor is obtained from the speed encoder. The encoder pulses are given to the I/O pins of FPGA board via a buffer circuit. The induction machine (details in Table I ) is coupled with a separately excited dc machine. For loading the induction machine, the dc machine armature is current controlled through a four quadrant dc chopper.
IX. EXPERIMENTAL RESULTS
Experimental results are obtained from a laboratory developed prototype, as discussed in Section VIII. The FPGA resource utilization for implementing the entire algorithm is found to be about 25% and hence this algorithm can be easily implemented in much cheaper field programmable gate arrays (FPGAs). It must be noted that the code complexity remains same whatever the sampling frequency since it is parallel implementation and the highest sampling rate is only limited by the ADC sampling rate and the FPGA clock whichever is lower. In this case, the ADC conversion rate was lower and approximately equal to 250 kHz. All the results are observed through DACs interfaced with the FPGA board. In the waveforms presented, 1V correspond to 10 rad/s of speed, 1.018 Wb of flux, 80 V of voltage, and 1.697 A of current. Similar loading and stator resistance parameter variation conditions are maintained as detailed in simulation and the machine parameters are the same as given in Table I .
A. IM Drive With Second Order SMC Current Controller
The experimental result for the second order SMC current controller fed IM drive corresponding to the simulation in Fig. 4 is shown in Fig. 7 . The switching frequency of the inverter and sampling frequency of the system are chosen to be same and equal to be 6.103 kHz (same value as in simulation). The reference and actual speeds are matching as shown in Fig. 7(a) . Chattering free decoupled i sd and i sq waveforms are shown in Fig. 7(b) and (c) respectively where they match their corresponding simulation results. The magnified response of i sq current dynamics is shown in Fig. 7(d) . Rotor flux [as seen from i sd waveform in Fig. 7(b) and from d-q flux waveforms in Fig. 7(f) ] is well oriented irrespective of speed, load, or stator Fig. 7(e) . It can be observed from Fig. 7 (e) that v * sd and v * sq vary almost instantaneously for speed, load, and stator resistance parameter variation thus maintaining decoupling between i sd and i sq waveforms. This proves the superiority of using second order SMC current controllers over hysteresis current controllers because the switching frequency is constant and decoupling is inherently maintained by rejecting disturbances.
B. IM Drive With Second Order SMC Current Controller at High Sampling Rate
The experimental result corresponding to the higher sampling rate implementation of the same algorithm is shown in Fig. 8 . While the sampling rate is increased to 195.312 kHz (same as in simulation), the switching frequency of the inverter is kept constant at 6.103 kHz itself. Therefore, only difference is in the algorithm implementation in FPGA and there is absolutely no change in the power circuit i.e, the inverter and machine operation. FPGA, being a parallel processor is the best candidate for such implementation and the controller gains are as shown in Table II . Similar conditions are maintained as in the corresponding simulation result (see Fig. 5 ) where the drive is tested for both matched and un-matched disturbances. The d-axis stator current (reference and actual) are shown in Fig. 8(b) where the actual tracks the reference and stays there irrespective of disturbances (load torque and R s variation). The i sq reference and actual waveforms are shown in Fig. 8(c) where it rejects R s variation disturbance [see Fig. 5(f) ]. The dynamic response of torque (i sq )is now improved to 2.5 ms as shown in Fig. 8(d) . Thus, the d-and q-axes maintain decoupling between each other while rejecting disturbances and this can be reaffirmed from the d-and q-flux waveforms shown in Fig. 8(f) . All these advantages combine with high dynamic response at higher sampling rates as shown. Sampling rates higher than 195.312 kHz as shown could not be achieved due to ADC limitation otherwise much faster dynamic response is practically possible.
X. CONCLUSION
This paper has investigated in detail the important issues of sliding mode control and presented the disturbance rejection ability of such controller (first or second order) in vector controlled induction motor drive. It is shown that the drive can reject matched (parameter variations) as well as unmatched disturbances (load torque variations) as long as the conditions for disturbance rejection are satisfied. Also, it is shown that there are disturbances that cannot be rejected for such systems. This is due to the fact that the sensed signals (currents) are not directly fed into the sliding controller. MATLAB/Simulink based simulations and experimental verifications confirmed the usefulness of the proposed system. Issues related to development of low cost controller using FPGA are presented. Improvement in dynamic response using higher sampling rate is experimentally demonstrated.
